The ever-increasing demand for high speed and large bandwidth has made photonic systems a leading candidate for the next generation of telecommunication and radar technologies. The photonic platform enables high performance while maintaining a small footprint and provides a natural interface with fiber optics for signal transmission. However, producing sharp, narrow-band filters that are competitive with RF components has remained challenging. In this paper, we demonstrate all-silicon RF-photonic multi-pole filters with ∼ 100× higher spectral resolution than previously possible in silicon photonics. This enhanced performance is achieved utilizing engineered Brillouin interactions to access long-lived phonons, greatly extending the available coherence times in silicon. This Brillouin-based optomechanical system enables ultra-narrow (3.5 MHz) multi-pole response that can be tuned over a wide (∼ 10 GHz) spectral band. We accomplish this in an all-silicon optomechanical waveguide system, using CMOS compatible fabrication techniques. In addition to bringing greatly enhanced performance to silicon photonics, we demonstrate reliability and robustness, necessary to transition silicon-based optomechanical technologies from the scientific bench-top to high-impact field-deployable technologies. arXiv:2003.05480v1 [physics.app-ph] 
I. INTRODUCTION
The seemingly endless appetite for high bandwidth, rapid reconfigurability, and high spectral resolution in modern communications is an impetus for new signal processing technologies that expand the capabilities offered by conventional RF circuits. One way to meet these challenges is to harness the complementary benefits offered by optical-and acoustic-wave signal processing technologies. Acoustic wave signal processing has long been a crucial part of modern RF systems [1, 2] . Signal operations requiring narrow-band filtering and long delays invariably rely on electro-mechanical transduction to access slow-moving and long-lived acoustic waves, which are necessary to realize such operations within a small footprint [3, 4] .
By comparison, electro-optic conversion of RF signals to the optical domain enables ultrawideband signal processing capabilities [5] [6] [7] . In particular, rapidly evolving technologies based on silicon photonics offer reconfigurable wideband signal processing capabilities that leverage CMOS manufacturing techniques [8] [9] [10] [11] [12] [13] [14] . However, narrow-band (∼MHz) filtering and long (> 100 ns) signal delays -of the type routinely performed in the acoustic domain -are not yet possible in silicon photonics. Comparable performance in the optical domain demands ultralow-loss (∼ 0.1 dB/m) waveguides and ultrahigh-Q (> 10 8 ) optical resonators [15] [16] [17] [18] [19] [20] , which are challenging to realize in silicon-photonic circuits. Alternatively, if we could harness the performance benefits of acousticwave signal processing, while keeping signals in the optical domain, it could be possible to realize fully integrated silicon-photonic systems that may someday replace conventional microwave technologies. * shai.gertler@yale.edu † peter.rakich@yale.edu Brillouin scattering, namely the coupling of light and acoustic phonons in the RF-frequency range, enables access to the narrow-band acoustic-wave properties within the large-bandwidth optical domain [21] [22] [23] . Brillouinbased filters, sensors, and oscillators were first demonstrated using discrete-component optical fiber technologies [24] [25] [26] [27] , and more recently have been developed on chip through the development of Brillouin-active waveguides [23, [28] [29] [30] . The long-lived acoustic waves that mediate Brillouin interactions yield narrow spectral features, similar to the role played by acoustic waves in RF filters [1, 2] , with resonant frequencies in the microwave range, and are further tunable through optical wavelength and device geometry [25, 31, 32] . These features make Brillouin-scattering-based devices a promising candidate for RF-photonic applications such as filters [30] , delay lines [26, 33] and oscillators [34, 35] . Further, the recent demonstrations of Brillouin scattering in silicon [36] [37] [38] could facilitate low-cost, high-volume production using CMOS-fabrication techniques, and enable the integration of photonic and electronic components on the same platform [39] [40] [41] .
A promising strategy to utilize Brillouin scattering for RF-filtering operations is a photonic-phononic emitterreceiver (PPER), where information is transduced between spatially separated optical waveguides using sound waves, resulting in a narrow-band frequency response [42] [43] [44] . This is accomplished by encoding information on an optical carrier through intensity modulation, which drives spatially-extended coherent acoustic waves through a forward Brillouin interaction. The driven elastic deformation induces a narrow-band phase modulation onto light propagating in a separate optical waveguide, which after demodulation, results in a narrow RF pass-band filter response corresponding to the spectral properties of the acoustic modes. This concept has been demonstrated in integrated waveguides [42, 43] and optical fibers [45] . In contrast to the Lorentzian line shapes that are typical of Brillouin interactions, it is possible to couple multiple acoustic modes in a PPER scheme to produce a multi-pole filter response [42, 46] . Recent theoretical studies indicate that RF links based on PPER devices can meet the performance requirements needed for practical applications [44] . Experimental studies have explored the performance of static single-pole PPER filters [43] , and devices fabricated using specialized MEMS fabrication techniques have shown excellent multi-pole frequency response [42] . To have technological impact in real-world applications, PPER-based filters require a combination of frequency-tunable operation, excellent link performance, and robust foundry compatible fabrication [7] .
In this work, we report a tunable narrow-band RFphotonic filter based on a multi-pole PPER device, as a basis for versatile new RF-photonic systems using standard silicon-on-insulator (SOI) fabrication methods. The PPER devices consist of suspended rib optical waveguides supporting an optical mode as well as a long-lived acoustic mode, resulting in strong forward Brillouin coupling of light and sound [37, 47] . We show how a phononic crystal design with an acoustic stop-band enables coupling of acoustic modes in a controllable fashion. The resulting acoustic multi-mode interference yields a secondorder filter response, with 3.5 MHz full-width at halfmaximum (FWHM) at a center frequency of 3.87 GHz, and 70 dB out-of-band suppression. Using this device, we demonstrate an RF-photonic link, yielding a link-gain of G = −17.3 dB. We further show that the addition of an RF amplifier at the link input achieves larger-than-unity gain (G = 0.6 dB) and improves the link noise-figure. Additionally, by introducing a tunable local oscillator, we demonstrate tunability of the filter pass-band over multiple GHz, while maintaining the highly selective, narrowbandwidth filter shape. The RF-photonic link characteristics show good agreement with a first-principles model of link performance, serving as a foundation from which to build on this technology.
II. RESULTS

A. Device design
We demonstrate the multi-pole filter response using the opto-mechanical device structure shown in Figs. 1(ac) . The device is fabricated in a single-crystal silicon layer of a silicon-on-insulator (SOI) chip, as detailed in the Supplement, Section A. Two identical rib waveguides provide optical guiding for optical TE-like fields, shown in Fig. 1(d) . The waveguides are suspended by removing the underlying oxide, enabling long-lived acoustic modes to be guided in the silicon layer [37] . A cubic lattice of air holes defines a phononic crystal with two line-defects, such that acoustic modes are guided in the same spatial region as the optical fields. The rib design enables low-loss optical propagation, while the air under-cladding enables tight acoustic confinement, resulting in strong forward Brillouin coupling over the entire device length [37, 47] . The acoustic response resulting from the phononic crystal and defect regions is measured by modulating the intensity of an optical tone in one of the waveguides and detecting the Brillouin-induced phase modulation in the second waveguide [43, 46] (for more details see Section II B). Fig 1(f) presents the measured acoustic response, showing a stop-band for Brillouin-active phonon modes over a frequency range of 1.76 GHz, and a sharp peak at 3.9 GHz corresponding to the line-defects in the structure.
The use of two coupled acoustic modes enables the design of a second-order frequency response desirable for high out-of-band suppression, which is unattainable with a single acoustic resonance [42, 46] . The phonon defect-modes are acoustically coupled through the region between the two waveguides, yielding symmetric and antisymmetric acoustic super-modes, as seen in Fig.  1 (e). The coherent interference of the two super-modes yields a sharp frequency roll-off, and high out-of-band suppression when comparing to a typical acoustic resonance which follows a Lorentzain line shape [46] , shown in Fig. 1(h) . The resonant frequencies of the two acoustic super-modes are separated by 2µ, where µ denotes the acoustic coupling rate. This results in a spectral line shape with two peaks, separated by a frequency δΩ = 2µ[1 − (Γ/(2µ)) 2 ] 1/2 , where Γ is the damping rate of each of the acoustic modes, as shown in Fig. 1(i) . When the acoustic coupling rate is small compared to the dissipation rate (µ < Γ/2), the two peaks cannot be resolved, yielding a single-peaked line shape. However, the sharp frequency roll-off is retained, yielding a bandpass filter with a superior shape-factor compared to a typical acoustic Lorentzain response.
The line shape of the acoustic multi-pole frequency response can be tailored through the device geometry. The resonant frequency of the acoustic modes is readily tunable, demonstrated in Fig. 1(g) , showing the inverse relation between the defect regions width W and the measured resonant acoustic frequency (Ω 0 ∝ W −1 ). The coupling of the two acoustic modes is controlled by the number of rows of holes between the two defects. For example, Figs. 1 (h) and 1 (i) show the acoustic response of devices with N = 5 and N = 3 rows of holes between two defect regions of width W = 3.3 µm, yielding acoustic coupling rates (µ/(2π)) of 1 MHz and 11 MHz respectively. Further discussion about the phononic crystal design, defect modes, and their coupling is presented in the Supplement, Sections B and F.
The use of well-established SOI fabrication techniques allows us to leverage the infrastructure for silicon photonics processing, as well as the favorable properties of silicon, to realize reproducible and robust device performance. Fig. 2(a) shows the response produced by sixteen devices fabricated on an single chip, all revealing a phononic stopband with at least 50 dB suppression with a highly repeatable two-pole frequency response (more denoting the asymmetric and symmetric modes, respectively. (f ) Measured frequency response of the device, revealing an acoustic stop-band with a defect mode around 3.9 GHz. The defect region width is W = 3.3 µm, and the phononic crystal parameters are a = 650 nm and d = 500 nm, with N = 5 lines of holes between the two waveguides. (g) The measured acoustic resonant frequency is inversely proportional to the defect widths Ω0 ∝ W −1 . (h) Magnified view of the peak from panel (f) reveals a sharp frequency roll-off. A Lorentzian line shape with the same FWHM is shown for reference. (i) Measured response of a device with a strong coupling between the two acoustic modes, showing a frequency splitting corresponding to the two acoustic super-modes supported by the structure. The defect region width is W = 3.3 µm, and the phononic crystal parameters are a = 600 nm and d = 462 nm, with N = 3 lines of holes between the two waveguides. details are shown in the Supplement, Section A). Additionally, the performance of the PPER devices does not show deterioration over time. Fig. 2(b) shows repeated measurements of a single device, spanning a period of eleven months. The line shape is identical in all measurements, showing a full-width at half-maximum (FWHM) of 6.2 MHz at a center frequency of 3.9 GHz. The measurements were all performed at atmosphere pressure, without environmental control and with no active stabilization. The variation of 0.1% (4 MHz) in the center frequency can be the result of ambient temperature fluctuations, or the amount of optical power on chip at the time of the measurements, which can readily be stabilized. These results show the potential of these siliconbased devices to be good candidates for practical appli-cations and field deployment.
B. Filter performance
The operation scheme and experimental setup used to test the Brillouin-based filter is illustrated in Fig. 3(a) . An RF signal at frequency Ω modulates an optical tone with optical frequency ω 1 = 2πc/(1.53 µm) using an intensity modulator (Optilab IM-1550-20-A), yielding sidebands around the optical carrier. This modulated optical tone is amplified and injected into the 'emit' waveguide of the PPER device. When the modulation frequency approaches the Brillouin resonance, acoustic waves are emitted through a forward Brillouin process, resulting in time modulation of the effective refractive index of both waveguides through photo-elastic coupling. A second optical source with frequency ω 2 = 2πc/(1.53 µm) is injected into the 'receive' waveguide of the device, where it experiences phase modulation by the transduced acoustic fields. Phase demodulation is implemented by optically filtering one of the sidebands using a commercial band-pass filter (Alnair BVF-300CL), and the signal is detected on a high-power photo-diode (Discovery Semiconductors, Inc. DSC100S, V bias = 7 V).
First, the frequency response of the filter was measured by sweeping the RF frequency Ω through the acoustic resonance Ω 0 , as shown in Fig. 3(b) . The filter exhibits a center pass-band frequency of Ω 0 /(2π) = 3.87 MHz, with a 3-dB linewidth of ∆Ω/(2π) = 3.5 MHz, corresponding to an acoustic Q-factor of Ω/∆Ω = 1106. The second-order filter response shows a fast frequency rolloff of 3.7 dB/MHz, yielding a 40-dB bandwidth of 38.5 MHz, and 70 dB out-of-band suppression at frequencies 100 MHz from the center of the pass-band. In comparison to a Lorentzian line shape with the same FWHM, the two-pole line shape yields a 35 dB improvement of out-of- band suppression. The measured phase response shows a 2π phase shift over the filter bandwidth as expected from the two-pole filter, corresponding to a group delay of 131 nano-seconds at the center of the pass-band (phase and group-delay data are presented in the Supplement, Section D). The measured two-pole filter response is consistent with a dissipation rate of Γ/(2π) = 3.7 MHz for the acoustic modes, and a coupling rate of µ/(2π) = 1 MHz. Further discussion of the line shape and fit parameters can be found in the Supplement, Section F and Table I .
Next, the properties of the RF link were studied using an RF spectrum analyzer to measure the output RF power as a function of the input RF power. The on-chip optical 'emit' power was set to 105 mW and the optical power incident on the detector was 76 mW. The noise floor of the RF link is dominated by thermal-Brillouin fluctuations, a result of the occupation of the acoustic modes at room temperature [43, 44, 48] . The noise power-spectrum follows a Lorentzian-like line shape with a FWHM of 2.9 MHz, and peak spectral density of −134.6dBm/Hz. Further details about the noise properties of the RF link are presented in the Supplement, Section D. The RF link had a measured link gain G = −17.3 dB, a spurious-free dynamic range SFDR 3 = 93.5 dB Hz 2/3 , linear dynamic range CDR 1dB = 119.1 dB Hz, and a noise figure NF = 56.7 dB. The third-order spurious tone is a result of the intensity modulator used at the link input, which can be suppressed using linearization schemes for modulation [49] . These results can be improved further by using higher optical powers, as well as using a modulator with a lower half-wave voltage [44, 50] .
The RF-link performance is accurately described by the theoretical analysis presented in Ref. [44] , as shown in Fig. 3 (c), using the parameters given in the Supplement, Table I . The consistency of the measurements with theory enables a reliable estimation of the RF-link figures of merit from the system parameters, which can be used to design future PPER-based systems.
The noise figure of the PPER-based RF-photonic link can be improved by increasing the transduction strength in the 'emit' waveguide, as the noise floor is set by thermal-Brillouin noise in the 'receive' path [44] . To demonstrate this, an RF amplifier was added before the modulator at the link input (MiniCircuits ZX60-V63+, 18 dB of gain at 4 GHz, noise-figure of 3.8 dB, V bias = 5 V). The addition of the amplifier boosts the signal, without changing the noise floor of the link which is still Brillouin-noise dominated, as shown in Fig. 3(d) . Using the amplifier, a link gain of G = 0.6 dB was obtained, with a noise figure of NF = 39.2 dB. We see that the full amount of gain provided by the amplifier (18 dB) contributes directly to a reduction of noise figure. More details about the RF-link measurements are presented in the Supplement, Section D and the measured RF-link parameters are provided in the Supplement, Table II [44] is overlaid for reference. The thermal-Brillouin noise can also be seen around the filter pass-band center, also in good agreement to theory. The parameters used in the theoretical plots are detailed in the Supplement, Table I . The resolution bandwidth (RBW) used in the measurements was 50 kHz. (d) Measurements of a single RF tone with RF power −14 dBm, at a frequency 10 MHz from the filter center-frequency, with (blue) and without (orange) an RF amplifier at the link input. When using the amplifier, the signal power is 18 dB higher at the filter output, while the noise floor does not change (magnified in inset). The bandwidth used in the measurements was 50 kHz.
C. Pass-band tunability
The pass-band center frequency can be tuned using a modified modulation scheme at the PPER 'emit' signal path [44] . To implement this, the input RF signal is first encoded onto the optical carrier using a phase modulator. Because phonons are generated by intensity modulation of light, this phase-modulated optical carrier alone does not drive a phonon field. To convert the phase-modulated sidebands into an intensity beat-note that can be used to transduce acoustic waves, we introduce a second optical tone, used as an optical local oscillator (LO). The passband is set by the Brillouin frequency Ω 0 and the LO offset Ω LO = ω LO − ω 1 , which selects the spectral band that is filtered Ω filt = Ω LO − Ω 0 . The 'receive' path of the PPER is phase modulated at the Brillouin frequency, regardless of the input signal, hence the demodulation and detection at the link output can remain identical to that used in the static filter case.
The experimental setup used to demonstrate the PPER-filter tunability is illustrated in Fig. 4(a) . The RF input signal was modulated on an optical carrier with optical frequency ω 1 using a phase modulator (Thorlabs LN65S-FC). The optical LO was synthesized from the same laser source, using an intensity modulator and an optical filter, yielding a single tone at optical frequency ω LO = ω 1 + Ω LO . The two optical fields were combined and directed into the 'emit' waveguide of the PPER device, while a second optical tone at frequency ω 2 was injected into the 'receive' waveguide. The light from the 'receive' output was demodulated using a commercial optical filter, detected using a photo-receiver, and measured using an RF spectrum analyzer.
We first demonstrate the wide-band tunability of the filter by shifting the pass-band of the filter (Ω filt ) over multiple gigahertz. An RF input tone at frequency Ω RF /(2π) = 4 GHz was injected into the filter input, and the LO swept a 250 MHz range around optical frequency ω LO = ω 1 + Ω RF + Ω 0 . This tunes the filter pass-band Ω filt = Ω LO − Ω 0 around the input tone, showing a sharp peak when Ω filt = Ω RF . The input RF tone was shifted by 1 GHz increments up to 10 GHz (limited by the bandwidth of the phase modulator used in the experiment), and the band-pass tuning was repeated at each step. Fig. 4 (b) presents the aggregated measured traces of the input and output RF signals, showing the pass-band shifting over the 6 GHz range. We see the filter pass-band translated over a GHz range, without changing its narrow-band multi-pole line shape.
To show that the performance of this filter is preserved in the presence of complex RF signals, we synthesized a wideband RF input signal and translated the filter across the spectrum, demonstrating the use of this system for wideband spectral analysis. The input RF signal consisted of a comb of tones separated by 60 MHz, centered around a 5 GHz carrier (Ω RF = 5 GHz). By tuning the optical LO, the filter pass-band Ω filt = Ω LO − Ω 0 was swept over a range of 500 MHz around Ω RF , as seen in Fig. 4 (c). In this scenario, the system performs as an RF spectrum analyzer, where the measured RF output reproduces the RF comb at the filter input, with the spectral resolution given by the 6.2 MHz linewidth of the acoustic mode used in the filtering process. The noise floor of this measurement (SNR = 50 dB) was determined by the 1 MHz measurement bandwidth. More details about tuning schemes of the PPER RF-photonic filter are presented in the Supplement, Section E.
III. DISCUSSION
In this work, we have demonstrated a tunable RF photonic multi-pole filter in a silicon platform using a PPER scheme. The strong forward Brillouin interaction in the device is used to transduce a microwave signal between the optical and acoustic domains, and in the process, only a narrow spectral band determined by the acoustic response of the device is transduced efficiently. The multipole response is a result of the interference between two acoustic modes, yielding sharp frequency roll-off and high out-of-band suppression. This is achieved through acoustic mode-engineering, utilizing acoustic defect modes in a phononic crystal, and coupling acoustic modes in a controllable fashion.
The devices demonstrated in this work were all fabricated using standard SOI wafers and CMOS compatible fabrication methods. While fabrication was performed using electron-beam lithography, identical performance can readily be realized with photo lithography, as the smallest necessary feature size can be 150 nm, readily achievable in CMOS facilities. This can enable the scaling of production of silicon-PPER devices, yielding cheap, high-volume, and consistent results [10, 51] .
The RF-link performance using the silicon PPER device is competitive with other RF-photonic schemes [7] such as ring-resonators [52] , interferometers [53] , Brillouin-based filtering [23] , and pulse shaping [54] . Furthermore, the line shape obtained in the PPER scheme stands out for its ability to produce multi-pole frequency responses with a narrow-band (3.5 MHz), excellent outof-band suppression (70 dB) and a wide stop-band (2 GHz). Similar performance in the optical domain using ring resonators would require two ultrahigh-Q (> 10 8 ) resonators, and ultralow-loss (∼ 0.1 dB/m) waveguides [15] [16] [17] 20] . Implementing such a device in silicon would demand a large footprint [18] , as well as sub-millikelvin temperature stability [55] and narrow-linewidth laser sources. In contrast, the devices in this work have a footprint of ∼ 0.1 mm 2 , which can facilitate integration for filter-bank and channelizing applications. The measurements presented here were performed with no active stabilization, as the resonant frequencies are determine in the acoustic domain. In order to avoid drift of the filter pass-band over longer periods of time, the temperature needs to be stabilized on the order of ∼ 1 K. Additionally, the PPER design can be extended to produce higher order filters [46] . As an example, we present third-order filters in the Supplement, Section F.
The PPER-based filtering scheme utilizes the optical, microwave, and acoustic domains -each with vastly different and complementary properties -which can all be optimized for further improvement of the device performance. Longer devices will result in higher gain, lower noise figure, and a larger dynamic range [44] . For example, by using a PPER device with an active length of 4 cm the link gain will increase by 20 dB, while the noise figure will reduce by 10 dB compared to the results shown in this work, which were obtained from a 4 mm long device [43, 44] . Higher optical power in the 'emit' waveguide will yield a higher link gain, without adding noise in the process. Dispersion engineering of the optical waveguides can enable stronger Brillouin coupling [56] , resulting in a larger spur-free dynamic range and lower noise figure. Additionally, an interferometric phase demodulation scheme will result in a higher link gain [44, 57] . In the acoustic domain, stronger acousto-optic coupling can be achieved by longer lived acoustic modes, which will also result in a narrower filter line shape. For example, this can be accomplished by optimizing the phononiccrystal design, achieving a full acoustic band-gap [58] . In the microwave domain, the introduction of improved electro-optic modulators will directly enhance the performance of the link. In the scheme we have demonstrated, the third-order spurious tone is a result of the intensity modulator at the filter input, and using linearized modulation schemes suppressing these spurious tones [49] will yield a larger dynamic range. Further, modulators with lower half-wave voltage [50] will result in a lower noise figure [44] . Alternatively, a microwave low-noise amplifier (LNA) can be used at the input to the modulator, yielding a lower noise figure, as was demonstrated in this work.
We have shown how the filter pass-band can be tuned over a range of multiple GHz, by using an optical tone as a local oscillator. The bandwidth limitation of this scheme lies in the dual-sideband nature of the forward Brillouin process [37, 48, 59] , similar to the distortion from an image frequency in heterodyne receivers [60] . This restricts the bandwidth of the input RF signal to be smaller than twice the Brillouin frequency for distortionfree operation (for more details see Supplement, Section E). This bandwidth limitation can be avoided by utilizing a single-sideband process to generate the acoustic field, such as inter-modal Brillouin scattering [38, 61] .
In our demonstration of filter tuning, the RF signal was shifted to the Brillouin frequency at the filter output, beneficial in systems where both filtering and frequency conversion are required [60] . However, by designing an alternative demodulation scheme, a frequency-preserving RF-photonic filter can be achieved (for further discussion, see Supplement, Section E).
The forward Brillouin process used in the filtering scheme demonstrated here has the advantage of scalability by cascading in devices in series. Multiple PPER devices could be integrated on the same chip, without losing signal fidelity as the input signal traverses the device array [46] . This can enable channelizing and sensing schemes with superior performance compared to systems where the signal is split and amplified in multiple stages, adding noise in the process. The high signal-to-noise of the PPER-based link enables the use of short segments of active-Brillouin regions, resulting in a small overall footprint [43, 44] .
With the advancement of integrated silicon light sources [28, 62] , amplifiers [43, 63] , modulators [64] and detectors [65] , PPER-based filtering schemes can be an important step towards foundry-compatible, fully integrated RF-photonic systems.
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We thank Taekwan Yoon, Prashanta Kharel, and David Mason for discussions involving RF-link measurements, phononic-phononic systems, and nonlinear interactions. This research was supported primarily by the Packard Fellowship for Science and Engineering. We also acknowledge funding support from ONR YIP (N00014- 17-1-2514 The devices presented in this work were fabricated on a single-crystal silicon-on-insulator (SOI) chip with a layer structure of 215 nm silicon on a 3 µm oxide layer. A first electron-beam lithography step defines the optical waveguide rib structures using hydrogen silsesquioxane (HSQ) electron-beam resist and development in MF-312 and a Cl 2 reactive ion etch (RIE), removing 80 nm of silicon. A second lithography step is used to define the array of holes with CSAR electron-beam resist, followed by development in Xylenes. The remainder of the silicon is removed through another Cl 2 RIE, exposing the oxide. Finally, a wet-etch using 49% hydrofluoric (HF) acid removes the oxide under-cladding to create suspended Brillouin-active waveguides. Light was coupled on and off the chip using integrated grating couplers.
The Brillouin-active region of the device demonstrating the RF link, shown in Fig. 3 , was L = 5 mm long, with N = 5 lines of holes between the two waveguides, and phononic defect regions of width W = 3.3 µm. The phononiccrystal pitch was a = 650 nm with a hole diameter of d = 500 nm. The device used to demonstrate the filter tunability, shown in Fig. 4 , had a Brillouin-active region length of L = 3 mm, and defect regions width W = 3.3 µm spaced by N = 5 lines of holes between the two waveguides. The phononic-crystal pitch was a = 600 nm and the holes diameter d = 462 nm. The resonant acoustic frequency was Ω 0 = 3.896 GHz, with a FWHM of 6.2 MHz. Fig. 5(a) demonstrates the consistency and robustness of the fabrication process, by showing measurements of 16 devices fabricated on the same chip, with 100% yield in the fabrication process. All the devices show good performance, with an acoustic stop-band of 1.5 GHz with 50 dB suppression, and a defect modes in the range 3.85-3.9 GHz. Examining the filter shapes more closely reveals that all of the devices produce a two-pole line shape with FWHM of a few MHz, fitted parameters are displayed in Fig. 5(b) . The line shapes vary slightly between devices, consistent with different design parameters in the geometry of each device such as the number of hole rows between the defect modes, and the defect region width. The performance of the devices and the repeatability of the fabrication can be further improved by using photo-lithography in a dedicated SOI foundry, which can yield higher consistency and reduce alignment and drift issues present in the electron-beam lithography used in this work.
The fabrication steps used in this work are mostly typical CMOS lithography techniques. The last step in the process, where the waveguides are suspended, is commonly used in MEMS fabrication, and is only necessary around the active-Brillouin regions of the device. This could be performed post-process, or incorporated into the fabrication procedure. The dimensions of the smallest features defined in the lithography were on the order of ∼150 nm. The cubic lattice of air holes in the silicon structure results in a stop-band for the Brillouin-active acoustic modes guided in the devices. This is demonstrated using a finite-element-method (FEM) simulation, presented in Fig. 6(a) , showing low acoustic transmission in the range between 3.9 and 6.7 GHz. The simulated cubic lattice has 12 rows of holes with a pitch of a = 650 nm and hole diameter of d = 500 nm. A simulation of the acoustic eigen-modes of a single unit cell yields the acoustic band structure presented in Fig. 6(b) for wave-vectors along the k x axis. As seen from the band structure, there is not a complete band gap across this frequency region. An analysis of the bands shows that the acoustic modes in the stop-band do not couple to the optical fields through the forward Brillouin interaction utilized in the device. Figs. 6(c-e) present the x-component of the displacement of the modes at wavenumber k x = π/(2a), showing even and odd symmetries for the modes outside and inside the stop-band, respectively. The acoustic mode used in the forward Brillouin interaction in the device are uniform along the z axis [42, 46] , hence will not couple strongly to the odd-symmetric mode shown in Fig. 6(d) , resulting in the acoustic stop-band. The difference in frequency obtained in the simulation when compared to the measured stop-bands, could be a result of the different geometry of the fabricated devices, which include the rib-waveguide structure, as well as built-in stress in the silicon layer, which is a result of the undercut of the oxide layer. The long-lived (high-Q) acoustic modes utilized in the PPER operation are produced using defects introduced to the phononic crystal lattice. These are in the form of missing rows of holes, as shown in 7(d), where a section of the device is illustrated schematically, with defects of width W . The number of hole rows between the defect regions is denoted N . The width of the defect region determines the frequency of the acoustic resonance which can be utilized for strong forward Brillouin coupling [47] . By fabricating devices with defect-region widths between 3 and 3.9 µm, the measured resonant frequency of the PPER operation was in the range of 3.38 and 4.23 GHz, as shown in Fig.  7(b) . The frequency follows an inverse relation to the width (Ω 0 ∝ W −1 ), as shown in Fig. 7(a) , demonstrating how the filter frequency can be tuned through the design of the device geometry.
The two acoustic resonances are coupled in the region between the two line defects, consisting of N rows of holes. By fitting the measured frequency responses, we can estimate the coupling rate µ between the two modes, further discussed in Section F. As shown in Fig. 7(c) , the coupling rate drops as hole rows are added, consistent with the decay of the acoustic field in the phononic crystal stop-band. We can also see that the coupling rate is higher for wider defect modes. These correspond to lower frequency modes, having longer wavelengths, such that effectively the distance between the two line defects is shorter. This is also visible in the measurements shown in 7(b), where the lower frequency resonances show a frequency splitting corresponding to a high coupling rate of the two acoustic modes. The dependence of the frequency response on the acoustic coupling rate is further discussed in Section F. Appendix D: RF-photonic link
Frequency response
We characterize the filter frequency response using the experimental setup illustrated in Fig. 3(a) in the main text. The magnitude of the frequency response shows a two-pole line shape, with a center frequency at 3.87 GHz and a full-width at half-maximum (FWHM) of 3.5 MHz. The two-pole frequency response can be described using [46] 
which is determined by the acoustic dissipation rate Γ and the acoustic coupling rate µ. Fitting Eq. (D1) to the data yields parameter values of Γ/(2π) = 3.7 MHz and µ/(2π) = 1 MHz, as shown in Fig. 8(a) . Fig. 8(b) presents a phase measurement of the second-order frequency response, showing an overall 2π phase shift across the filter, consistent with Eq. (D1). The group delay of the filter, corresponding to the time it takes for an amplitude envelope to propagate through the link, was measured at τ g = 131 ns at the center of the pass-band, as shown in Fig. 8(c) . This is in good consistency with theory, where the group delay is given by the derivative of the phase response 
Thermal-Brillouin noise
The noise floor of the RF link is comprised of a Lorentzian-like peak with a FWHM of 2.9 MHz, a result of spontaneous Brillouin scattering, and a wide-band noise background (dominated by EDFA noise), shown in Fig. 9(b) . The spontaneous Brillouin scattering is a result of the thermal occupation of the phonon modes at room temperature, given by k B T /( Ω 0 ) = 1565. Fitting the Brillouin contribution to the noise power spectrum shows good agreement with the theoretical values expected for the system parameters [44] , as seen in Fig. 9(a) . It is important to note that with our system parameters, the noise floor is not dependent on the RF input nor on the optical field in the 'emit' waveguide, and is fully determined by the 'receive' path parameters [43, 44] . The calculated RF-link gain and noise power-spectral density (per bandwidth B RF ) are given by [44] P RF out (Ω)
where η is the detector responsivity, R out the detector impedance, H pd the photodiode circuit efficiency, ω 0 the 'receive' optical frequency, and k B denotes the Boltzmann constant. The frequency responses |χ (2pole) | and |χ (rec) N | are defined in Section F, Eqs. (F1) and (F3), and a description of the rest of the parameters can be found in Table I. The first term in the expression for the noise power-spectral density is the thermal-Brilloin noise, and N bg accounts for the wide-band noise background. Theoretical predicted values for the signal and the noise show good agreement with the measurements, as can be seen in Fig. 3(c) of the main text (parameter values are presented in Table I) Figs. 3(c) and 9(a) .
RF-link properties
The RF link is characterized by measuring the RF power at the output of the filter (P RF out ) as a function of the input RF power (P RF in ). Fig. 10(a) shows the link performance, with incident on-chip optical power of 105 mW, and 76 mW of 'receive' optical power on the detector. The measured small-signal gain is G = −17.3 dB and the noise floor N = −134.6 dBm/Hz. Assuming room temperature thermal noise as the input noise source (N in = k B T = −174 dBm/Hz) yields a noise-figure of NF = N − G − N in = 56.7 dB. The 1 dB compression point was measured at P 1dB in = 1.7 dBm, yielding a linear dynamic range of CDR 1dB = P 1dB in + G − N = 119.1 dB Hz. We next quantify the spurious-free dynamic range by injecting an RF tone at frequency Ω = Ω 0 /3, and measuring the output RF power at frequency Ω 0 , shown in Fig. 10(a) . The extrapolated third-order intercept point was IIP 3 = 22.9 dBm, yielding a spurious-free dynamic range of SFDR 3 = (2/3)(IIP 3 + G − N ) = 93.5 dBm Hz 2/3 . The measured IIP 3 of the RF link is mainly deterined by the linearity of the intensity modulator at the filter input (a direct measurement of the modulator alone yielded an intercept point of IIP IM 3 = 24.3 dBm). This suggests that the spurious-free dynamic range can be directly improved by using a linearized modulation scheme at the link input [49] . Table II. The noise-figure of the PPER-based RF link can be further improved by using an RF amplifier (LNA) at the link input (front-end). This is a result of thermal-Brillouin scattering being the dominant noise source, such that the added noise from the LNA is negligible at the link output [44] . We demonstrate this by adding an LNA (MiniCircuits ZX60-V63+, 18 dB of gain at 4 GHz, noise-figure of 3.8 dB, V bias = 5 V) at the link input ( Fig. 3(a) ). The input RF tone was tuned 10 MHz off the center of the pass-band in order to clearly show the thermal-Brillouin noise floor at the pass-band center. Fig. 3(d) in the main text superimposes two spectrum measurements, with and without the LNA, showing how the noise floor is unaffected by the presence of the amplifier. In contrast, the power of the output RF signal is amplified by 18 dB when the LNA is added, demonstrating how this scheme yields higher signal power without a noise penalty, reducing the noise-figure by the amount of gain provided by the LNA.
We repeat the RF power measurements with the LNA at the link input, as presented in Fig. 10(b) . The measured link gain is now G = 0.6 dB, while the output noise is unchanged, measured at N = −134.2 dBm/Hz, and resulting in a noise-figure of NF = 39.2 dB. We see an improvement of 17.5 dB, corresponding to the gain of the LNA. The linear dynamic range is CDR 1dB = 113.6 dB Hz, unchanged by the LNA, as expected from a link analysis presented in Ref. [44] . The measured spurious-free dynamic range is SFDR 3 = 88.5 dBm Hz 2/3 , showing the trade-off between noise-figure and dynamic range in this scheme, which is a common situation in many microwave-photonic links [66] . The measured RF-link parameters (with and without the LNA) are summarized in Table II . TABLE II . Measured RF-link parameters of the two-pole PPER-based RF-photonic filter, with and without an RF amplifier at the link input, corresponding to the data presented in Fig. 10 When a PPER device is used as a static RF-filter, the Brillouin frequency Ω 0 , which is set by the device geometry, determines the pass-band of the filter. Fig. 11(a) shows how the optical carrier in the 'emit' waveguide beats with the sidebands produced by the intensity modulator at the filter input, driving the coherent acoustic fields in the device. This induces phase modulation sidebands around the optical tone in the 'receive' waveguide, which can be demodulated at the filter output to retrieve the filtered RF signal. The filter frequency can be determined in the device design, by tuning the width of the phononic defect modes, discussed and demonstrated in Section C. Further trimming can be achieved through strain and temperature perturbations which affect the Brillouin frequency.
In order to tune the filter in real time, an alternative modulation scheme can be used at the filter input, demonstrated experimentally in Section II C, and shown in Fig. 11(b) . In this scenario, the input signal is phase-modulated onto the optical carrier (optical frequency ω 1 ) in the 'emit' waveguide. Since a phase modulator is used (rather than the intensity modulator in the static filter case), this does not generate a beat-note necessary for the generation of a coherent phonon field. A separate optical tone at optical frequency ω LO is injected into the 'emit' waveguide, serving as an optical local oscillator (LO). The LO can generate a beat-note with the 'emit' sideband spaced by the Brillouin frequency, and drive an acoustic field. In the example of Fig. 11(b) , where the LO is at a higher frequency than the sidebands, the filter pass-band is at frequency ω filt = ω LO − Ω 0 , or in the RF domain, Ω filt = ω LO − ω 1 − Ω 0 (relative to the optical carrier ω 1 ). By tuning the LO frequency, the filter pass band is directly shifted, where the tuning of the LO can be implemented using an optical tunable source or by using an electro-optic modulator. The narrow-band phonon field is centered around the Brillouin frequency Ω 0 regardless of the LO frequency, hence the phase modulated sidebands, and the measured RF signal at the filter output (after demodulation) is always at Ω 0 , identical to the static filter case. Overall, this yields an RF band-pass filter with a center frequency Ω filt , shifted to frequency Ω 0 . Alternatively, the output RF signal can be shifted to a desired frequency (rather than the Brillouin frequency) by employing optical heterodyne demodulation. As shown in 11(c), using an optical tone at frequency ω DM for de-modulation, the resulting RF signal will be at RF frequency Ω out = ω DM − ω 2 − Ω 0 , which can be determined by setting ω DM and ω 2 .
To achieve a frequency-neutral filter, an alternative demodulation scheme is needed at the RF-photonic link output. In this case, the optical local oscillator is used to perform heterodyne detection to demodulate the phase-modulation sidebands around the 'receive' tone exiting the Brillouin-active device. The input of the RF-photonic link is the same as in the tunable frequency shifting filter, such that the pass-band centered around Ω filt = ω LO − ω 1 − Ω 0 yields phase modulation at the Brillouin frequency Ω 0 . Combining the phase-modulated 'receive' tone with the LO produces a beat-note between the LO and the phase-modulation sideband, yielding a measurable RF signal. In this example, the RF tone will have frequency Ω out = ω LO − ω 2 − Ω 0 , where ω 2 is the 'receive' tone optical carrier. By setting ω 2 = ω 1 , i.e. using the same optical frequency in the 'emit' and 'receive' waveguides, we obtain a frequency neutral filter, where Ω out = Ω filt . An illustration of such a frequency-neutral scheme is presented in Fig. 11(d) .
Bandwidth limitations
The forward-Brillouin scattering used in the PPER-based filtering scheme is inherently double-sided, such that the Stokes (red-shift) and anti-Stokes (blue-shift) scattering processes are coupled [37, 46, 59] . In the static-filter case ( Fig.11(a) ) this results in the carrier beating with both sidebands in the 'emit' waveguide, and in fact yields higher transduction efficiency. However, in the frequency-tuning scheme presented here, this results in the fact that the optical local oscillator (LO) can drive the acoustic field by beating with light spaced by the Brillouin frequency at both higher ω LO + Ω 0 and lower ω LO − Ω 0 frequencies. This is illustrated in Fig. 12 , showing the two sidebands (blue) where forward-Brillouin scattering can occur around the LO (purple). The dual-sideband nature of the process is equivalent to an image-frequency in heterodyne detection, where unwanted frequency components interfere with the desired signal [60] .
As long as the input-signal RF bandwidth ∆ RF is smaller than twice the Brillouin frequency ∆ RF < 2Ω 0 , there will not be distortion in the filter operation. As shown in Figs. 12(a) , when tuning the LO, only the lower 'LO sideband' overlaps with the modulated information. It is important to note that this RF bandwidth corresponds to the spectral contents, i.e. ∆ RF = max(Ω RF ) − min(Ω RF ), and does not constrain the highest frequency allowed at the input. In contrast, when this bandwidth limitation is not satisfied, such that ∆ RF > 2Ω 0 , the measured output signal will not always be proportional to the filtered input RF signal. This is illustrated in Fig. 12(b) panel (iii) , showing that as the LO approaches the center of the RF sideband it drives the acoustic field through two scattering process whose contributions will be summed. This distortion can be avoided by using an image-rejection filter, common in many homodyne Rf receiver schemes [60] , ensuring single-sideband filtering. Alternatively, this bandwidth limitation can be lifted by using inter-band Brillouin-scattering which is inherently a single-sideband process [38, 61] . We note that throughout this analysis we are assuming the small-signal regime, such that the RF-modulation sidebands are much smaller than the optical carrier and the LO. This enables us to neglect the beat-note generated between different spectral components within and between the RF sidebands, as their contribution will be much smaller than that of the beat-note generated by the strong LO. Appendix F: Multi-pole frequency response
Second-order filters
The frequency response of the two-pole PPER filter is a result of the coherent interaction of the two acoustic modes taking part in the signal transduction [46] , with a magnitude given by
where µ is the coupling rate between the two acoustic modes, Γ the acoustic dissipation rate, and Ω 0 the resonant frequency of each of the two separate acoustic modes, which we assume are equal for both acoustic modes. Figs.  13(a-c) show the measured frequency response of three devices with a resonant frequency of 3.895 GHz, each with a different coupling rate. This was achieved by fabricating devices with N = 3, 4, 5 rows of holes between the two acoustic defect regions, yielding fitted coupling rates of µ/(2π) = 10.5, 5, 2 MHz respectively, and acoustic dissipation rates of Γ/(2π) = 4.6, 4.4, 5.1 MHz. The two peaks in the frequency response are separated by δΩ = 2µ[1 − (Γ/(2µ)) 2 ] 1/2 , which can be described as the frequency splitting resulting from the coupling of two degenerate acoustic modes, or equivalently, the frequencies of the two eigen-modes of the coupled system. When the coupling is smaller than half the dissipation rate (µ < Γ/2), this yields a single-peaked line shape. The super-modes are linear combinations of the two spatial acoustic modes, given by [46] b
where we have denoted the two spatially separated acoustic modes as b A and b B . These frequency responses exhibit a sharp frequency roll-off, with a similar response outside of the pass-band, regardless of the acoustic coupling rate. Spontaneous scattering also occurs in the PPER devices, as result of the thermal occupation of the acoustic modes at room temperature [48] . The power-spectrum of these fluctuations can be described by summing the contribution of the acoustic super-modes of the device [46] , given by
where we have assumed two identical acoustic modes. Figs. 13(d-f) show measured spontaneous-Brillouin scattering of the same three devices, demonstrating the frequency response for different coupling rates. The fitted coupling rates from the spontaneous measurements are µ/(2π) = 10.1, 4.6, 2 MHz, in good agreement with the measurements from Figs. 13(a-c) . The asymmetry in the magnitude of the two peaks, deviating from Eq. (F3), is a result of asymmetry between the two coupled acoustic modes, discussed further in Section G. 
Third-order filters
The PPER-based filtering scheme can be extended to higher-order filters by coupling more acoustic modes [46] . For example, by coupling three spatially separated modes b A , b B and b C , the frequency response of the PPER operation will be
where the three super-modes of the coupled system are given by
A three-pole PPER device is schematically illustrated in Fig. 14(e) , where three phonon defect modes of width W are coupled through N rows of holes. Simulation of the acoustic super-modes supported by the structure are presented in Fig. 14(d) , consistent with Eq. (F5). Measured frequency responses of fabricated three-pole PPER devices are presented in Figs. 14(a-c) , corresponding to N = 3, 4, 5 rows of holes between each of the acoustic defect regions, respectively. The fitted frequency responses yield coupling rates of µ/(2π) = 7.5, 2.1, 1.8 MHz respectively, and acoustic dissipation rates of Γ/(2π) = 7, 7.7, 9.3 MHz. The non-ideal measured line shapes can be a consequence of the larger device structure, resulting in a wider suspended silicon region and the need to define more holes in the phononic crystal. This can lead to a larger degree of non-uniformity in the fabrication process, and a deviation from the theoretical functions. The devices presented in this work were all fabricated using a two-step electron-beam lithography process (see Section A for more details) which can suffer from drift, however implementation of these designs using photo-lithography may yield higher uniformity and more ideal line shapes. The line shape of PPER-based fitlers depends on the acoustic resonant frequencies and coupling rates, which are determined by their geometry. The two acoustic modes are designed to be identical, however fabrication imperfections and material non-uniformity can result in an asymmetry between the modes. This can lead to variations in the resonant frequency and acousto-optic coupling rate. For example, a perturbation of 10 nanometers can result in a deviation of resonant frequency on the order of 10 MHz [37] .
To take asymmetry into account, we describe the acoustic modes using two different frequencies for each of the spatial acoustic modes. Following the description in Ref. [46] , we can write the acoustic part of the system Hamiltonian with two coupled acoustic modes with resonant frequencies Ω (A) 0
and Ω (B) 0 , and a coupling rate µ
The matrix in Eq. (G1) is Hermitian, and we can diagonlize it using a unitary matrix V such that
where Ω ± are the eigen-frequencies of the coupled system, and the eigen-modes are given by
The eigen-frequencies can be directly calculated
where we define the average frequency Ω 0 = (Ω 
with the normalization factor
Since the diagonalizing matrix V is unitary, the matrix elements follow the relations
which is equivalent to the ortho-normality of the eigen-basis. Figs. 15(a) and (b) show an example of the dependence of the eigen-frequencies and the coefficients V ( ) ± on the asymmetry between the two acoustic modes. We can see that in the case of two identical modes, the frequency splitting is exactly twice the coupling rate, and the coefficients are equal in magnitude |V ( )
2. The equations of motion describing the optical and acoustic modes in the two waveguides of the PPER, denoted A and B, are given by [46] b
where v is the optical group velocity of the guided optical modes, and we have absorbed the coefficients V into the acousto-optic coupling rates g, such that g ( )
± . Following the derivation in Ref. [44] , the phonon fields in the PPER structure are given by
where we have defined the frequency responses χ ± = [i(Ω ± − Ω) + Γ/2] −1 , and the proportionality constant takes into account the details of the modulation scheme at the input of waveguide A. Plugging back into the equations of motion of the optical fields yields
We factor out the single waveguide coupling rate g (l)
± , leaving us with
where we have also defined the frequency response in each waveguide
and denoted the phase responses φ (A) = arg χ (A) , φ (A→B) = arg χ (A→B) . Using the relations from Eq. (G7) we can rewrite these frequency responses
The frequency response χ (A→B) describes the filter line shape obtained in the PPER operation (transducing information from waveguide A to B), whereas χ (A) describes the frequency response of the phase modulation experienced by the optical field propagating through the 'emit' waveguide [46] . Figs. 15(c) and (e) present these frequency responses for different amounts of asymmetry in the two acoustic modes. The filter response χ (A→B) stays symmetric around the pass-band center, even in the case of non-identical acoustic modes. In contrast, the function χ (A) shows increasing asymmetry for larger values of ∆Ω.
The frequency response of spontaneous scattering can be calculated by an incoherent sum of the two super modes [46] . The resulting power-spectrum of these thermal fluctuations in waveguide B (which can determine the noise-floor of a PPER-based photonic filter) are given by
showing asymmetry in the frequency response, as demonstrated in Fig. 15(d) . Both of the frequency responses χ (A) and χ (B) N will be mirrored across the center frequency when using the opposite waveguide, i.e. looking at the responses χ (B) and χ (A) N . In contrast, the PPER filter frequency response χ (A→B) , is symmetric, such that exchanging the roles of waveguides A and B in the filtering operation will not alter the line shape. Fig. 16 presents measured frequency responses of spontaneous scattering (panels (a), (b)), and forward Brillouininduced phase modulation (panels (c), (d)). As can be seen from the data, the asymmetric line shapes are mirrored through the center of the trace when switching between waveguides A and B, consistent with Eqs. (G13) and (G14). The measurements are consistent with an asymmetry of ∆Ω = 2.65 ± 0.5 MHz, corresponding to a deviation of 0.03% per waveguide from the average frequency, which can be a result of variations on the order of ∼ 2 nanometers in the geometry of each of the two acoustic guiding structures. In contrast, Fig. 16(e) shows that the PPER filter frequency response does not change when switching the roles of 'emit' and 'receive' between waveguides A and B, consistent with Eq. (G13). silicon structures we are studying in this work, the Kerr coefficient is an order of magnitude smaller than that of the Brillouion gain [37] . Figs. 17(b-e) show calculated filter line shapes when including optical cross-talk and fourwave-mixing, assuming |γ Kerr /G B | = 0.15. Since these are coherent processes, varying the phase between the two nonlinear contributions will yield different line shapes. This phase difference can be a result of the optical coupling mechanism leading to the cross-talk, as well as the phase difference between the optical fields in waveguides A and B. The Kerr coefficient has a small magnitude compared to the Brillouin contribution, hence the four-wave-mixing results in a small change to the line shape at the center of the filter pass-band, and appreciable deviation is seen only at frequencies outside the half-maximum frequency of the filter.
We quantify the optical cross-talk in a two-pole PPER device by injecting an optical tone with power P (emit) into waveguide A, and measuring the optical power P (rec) coming out of waveguide B. Fig. 17(f 
